Algorithmic architectural design is an intriguing prospect. The combination of human creativity with very strong computational capabilities could lead to fascinating results. Having already conquered the drawing board, computers are starting to enter the process of design itself. In an intermediate stage, algorithms may be used as a tool for analysis of human designs, yet the next logical step would be their full integration into the design process. Although the thought is very appealing, relatively little effort is being invested toward this goal. Researchers intuitively sense the magnitude of the problem and suspect the results might not be acceptable. These fears are based on the large number of factors that affect the nature of a solution and the prohibitive number of possible solutions that follows, through which it would be impossible to sift. A possible approach to addressing this issue would be first to revert back to the basics, that is, try to mimic some very simple design procedures, previously performed by humans, in the context of a computer. Then the procedures could be`upgraded', becoming more complex algorithmically, but generating more sophisticated results.
force, a building code, usually prevents the new unit from significantly decreasing the value of the other units. Sometimes existing units might be demolished for the mutual benefit of the whole. In this work we propose an algorithm that simulates this process in a na|« ve architectural design scenario.
The architectural design process consists of several components. A set of rules describes the set of all valid configurations for a given site. A measure function assigns a figure of merit (a`score') to a given configuration. An efficient algorithm for searching for a configuration with the highest merit among all valid configurations is then required.
In the town described in this paper two factors dominate the value of the unit's location: the sea view, and the proximity to the city center. Although unproven, it seems reasonable that these two factors ö accessibility and quality of the view ö are universally dominant in the evaluation of a living unit. In our system we quantify both of these factors. The view is measured as the volume of the isovist ö the volume in space visible from a single viewpoint ö associated with the center point of a unit. The accessibility of a unit is defined to be the inverse of the sum of distances from the unit to all other units in the configuration accessible by this unit. These two measures are weighted to a merit function that measures the value of a specific combination.
Related work
A number of works have addressed the topic of automated design of architectural configurations. In The Social Logic of Space (1989) , Hillier and Hanson proposed a simple model of the evolution of a na|« ve configuration. The site is a unit two-dimensional grid, meaning that a configuration consists of a set of closed units, each occupying the area of a unit square. Each unit has an entrance facing one of the four possible directions. The units aggregate randomly with the single`local' restriction that the unoccupied cell in front (adjacent to the entrance) of a new unit must be adjacent to an existing unit. This extremely straightforward model was shown to generate configurations with global properties, which the authors called`beady ring-like' patterns. These patterns have been observed in real-life habitats.
In``An ecological approach to generative design' ' Turner et al (2004) presented an algorithm that generates two-dimensional configurations of an open space, with a single entrance, broken by a set of walls. The configurations are ranked by analysis of the motion of agents, mimicking human motion, which are allowed to traverse it. A configuration is given a high score if all parts of the space are equally accessible and agents are able to exit a configuration. An optimal plan is searched for using a genetic algorithm. The resulting configurations are reported to contain corridor and foyer'-like features. Derix et al (2003) described an ongoing attempt to generate, algorithmically, an architectural configuration in the context of a real design competition. They used a spatial cellular automaton in which the state of a cell corresponds to its use of land. During each cycle of the algorithm the state of each cell is recomputed according to the value of its neighboring cells. The algorithm is a hybrid of cellular automaton techniques coupled with measurements of various properties of the configuration, such as sunlight and wind protection.
Two central computational geometric concepts that are used in the analysis of architectural space are the isovist and the visibility graph. An isovist of a point p, also called the field of view of pöFOV(p)öis the region in a spatial environment visible from p. A visibility graph is a graph whose nodes are a set of points in space.
Two points p and q are connected by an edge iff they are mutually visible. Note that a visibility graph is closely linked to the isovists of the given points:
The visibility graph is a useful tool in the solution of many geometric problems. Hillier (1995) has proposed that pedestrian movement largely dictates the configuration of urban space and is itself largely dictated by it. Claiming that this configuration is the``most powerful single determinant'' of urban movement, he developed a system to measure the relationship between movement and the configuration of space, which is described and elaborated in Turner et al (2001) . This method is based on the measurement of local and global properties of the visibility graph of grid points inside the space, and is applied to the analysis of two-dimensional architectural space either indoors or in an urban context. Fisher-Gewirtzman (1998) proposed that the perceived density of a configuration is related to the volume of the FOV from all possible observation points in the configuration. Fisher-Gewirtzman and Wagner (2003) described a way to approximate this quantity using measurements on a visibility graph of a discrete three-dimensional grid.
Extensive computer science research has been done in the field of visibility. The Computational Geometry textbook by de Berg et al (2000) offers a small overview of the enormous work already done in this area. This book describes a plane-sweep algorithm to compute the isovist of a point efficiently from among a set of planar line segments. Boissonnat and Yvinec (1998) provided a thorough introduction to dynamic algorithms, in which segments may be added and removed, and the data structures updated. Variants of such algorithms can be used to efficiently compute the isovist of a point in an evolving configuration of segments, a situation that arises very frequently in search problems.
Overview
In the next section we deal with the problem of algorithmic design of planar (twodimensional) architectural configurations. We describe in detail the system consisting of a site, a set of legal configurations, the merit of a specific configuration, and the search algorithm. We show some experimental results. The spatial (three-dimensional) case, with results, is treated in section 3. We conclude with a discussion and directions for future work.
2 The planar case Our basic system consists of a site, architectural rules that describe the way units aggregate to a valid configuration, a merit function, and a search algorithm. The algorithm generates a configuration with high merit.
Following Hillier and Hanson (1989) , we consider the site to be a continuous region of a two-dimensional planar grid bounded by a simple polygon. For simplicity, we use a 10 Â 10 square grid contained in a larger square polygon [see figure 1(a), over]. However, all our computational methods are flexible enough to deal with more complex planar sites.
Each unit in the configuration occupies exactly one grid cell. Each unit may have up to four doors, associated with the different edges of the cell. Each door has a center. The center of the door is located near the center of the associated edges, slightly outside the unit. A unit has a door at a cell edge if the adjacent grid cell is unoccupied [see figure 1(b) ].
The merit of a configuration is defined to be the sum of the merits of the units in the configuration. As stated above, the merit of a unit takes into account both its accessibility and its visibility. The merit of a unit, M(u), is given by the following formula:
where A(u) measures the accessibility of a unit and V(u) measures its visibility; k is a constant describing the basic merit of the unit, 0 4 a 4 1. Choosing different values for a enables us to weight the effect of the visibility and accessibility on the merit of the unit. The unit visibility V(u) is defined to be the area of FOV(u). In figure 1(b) thevisibility of unit u is the area of the gray region. There are many ways to compute this area efficiently. In our particular setting this area changes rapidly as units are continuously added and removed from the configuration. The algorithm we use in our system is designed to efficiently accommodate these dynamics. The accessibility of a unit u, A(u), is defined to be the inverse of the sum of the walking distances of the unit to all other units in the configuration. The reason we use the walking distance, rather than the simple Euclidean distance, is to express the fact that even though two units, such as unit u and v in figure 1(c), may be close as the crow flies, they may still be mutually inaccessible.
To find the shortest walking path between two points in the plane, theoretically one must examine an infinite number of possible paths. However, it is well known that in practice, it suffices to consider only a finite number of paths, as defined by the visibility graph (de Berg et al, 2000) . To compute the shortest walking distance between units u and v obstructed by two units, such as in figure 1(d) , one constructs a visibility graph. The nodes of this graph are the points u, v and all the vertices of the polygons represent the obstacles in the plane. The edges of this graph connect two nodes iff they are mutually visible, and the weight assigned to the edge is the Euclidean distance between the two vertices. The shortest walking distance between any two nodes is then the path of minimal weight between the nodes in this graph. Simple and efficient algorithms exist to compute this distance. In our system we approximate the accessibility of each unit using a variant of the visibility graph. The nodes of this graph are the doors in the configuration. We say that a door`sees' another door if the edge of the latter intersects the polygon describing the FOV of the former. Note that this relation is not symmetric. If a door is visible to another unit, we associate an edge between the two with a weight equal to their Euclidean distance. Corner-bypassing edges with unit weight are also included in the graph, as illustrated in figure 1(e) . The distance between two units is the sum of edge weights along a minimal path connecting a door of the first unit to a door of the second unit. If no path between the units exists in the graph, we define the distance to be some very large constant.
The search algorithm we use is a greedy algorithm. We start with an initial set of units and add one unit per iteration. At each iteration we scan all vacant cells and compute the merit function of the configuration, should a unit be added at that location. A unit is then added at the cell that maximizes the merit of the new configuration. In the removal-enabled version of the algorithm, at each iteration we also check the effect of the removal of each unit on the merit of the configuration. If the merit exceeds the optimal addition contribution, the unit is removed; otherwise, a new one is added. Notice that the constant k in equation (1) will have an effect on the choice of adding or deleting a unit. The larger the value of k, the less sensitive the configuration will be to removals.
Initially we used a merit function incorporating only the visibility factor, that is, the extreme case where a 0 in equation (1). The resulting patterns were court like, as seen in figure 2(a) . Note the`expanding' effect the measure has on the evolving pattern. The units seem to repel each other to the border of the site. These court-like patterns seem to be insensitive to different initial conditions. The next step was to add a`contracting' term to the merit function, the accessibility function described above. A pure accessibility-based scenario, that is, a 1, is shown in figure 2(b) . It is evident that street-like patterns result from such a measure. Again the patterns are robust in the same sense as the previous one ö they do not depend much on the initial conditions. Notice how units 4, 6, 8, 7, 5, and 3, emphasized A natural extension is to combine the two measures. In the following three examples, all illustrated in figure 3 , we have used a mixed visibility/accessibility measure with a 0X75 [in equation (1)]. Figure 3(a) shows that a concave configuration evolved as we moved from step 1 to step 10 (emphasized in gray). Its view is directed toward the top-right portion of the site. Later, a similar pattern emerged with a path clearly connecting the units of both layers. In the next scenario, shown in figure 3(b) , we see a configuration that evolved from an initial configuration of three units randomly placed near the center of the site. In the early stages, three`stemlike' patterns (emphasized) evolved, partitioning the plane into three sectors. These were gradually filled in at later stages. A similar pattern is seen in the last example [figure 3(c)], which began as a single unit in the center. This stem-like structure curiously resembles the patterns of the once famous housing project of Candilis et al (1968) , both in concept and in form. Following are two more examples of the planar case, in an axonometric view. Whereas figure 3(d) shows a typical example, figure 3(e) shows a configuration in which units were forbidden to emerge in a central region of the site. For the benefit of the algorithmically inclined reader, we point out that the construction of the visibility graph is performed by a single pass over the polygon describing the boundary of the FOV of the graph node points. Note that the process of deleting a unit is much more expensive, in terms of computation, than adding one. The reason is that, whereas adding a unit u decreases the FOV of the other unit v in a way that depends on u only, its removal extends FOV(v) in a manner that depends on an entire set of units previously blocked by u. This additional complexity is felt in the execution time of the algorithm: whereas the CPU time required to add 50 units in a 10 Â 10 region on a Pentium 3 868 Mhz PC is less than 90 seconds, the same process with the ability to remove units enabled requires over 130 seconds.
3 The spatial case The methodology described in the previous section can be extended to three-dimensional sites and configurations. As before, we need to describe the site, the configuration composition rules, a merit function, and a search algorithm. The site is defined to be a spatial grid bounded by a simple polyhedron. In the examples shown in this section we use a 10 Â 10 Â 4 square grid section bounded inside a closed cube. Here too our computational methods are flexible enough to deal with more complex sites.
The units in the spatial configuration occupy grid cells. Legal configurations are those that do not allow units to`float in space'öeach nonground unit occupies a cell above a cell occupied by a unit. The units are variations on the planar ones. Each unit may include a staircase if it is either above ground floor or on the ground floor with a unit occupied by the grid cell directly on top of it. Each nonground unit has exactly one door directly connected to the staircase it shares.
The merit of the configuration is based on the accessibility and view of each unit as expressed in equation (1). The view of a unit is defined to be the area of the planar region FOV(u) measured in the plane in which the unit resides; see figure 4(b).
Accessibility is, again, defined to be the inverse of the sum of distances between the unit and all other units in the configuration. The distance between units is measured as a minimal weighted distance between door nodes along the edges of a graph. The graph is similar to the visibility graph defined before and coincides with it when restricted to planar configurations. We add nodes for each nonground unit door. Doors on the first floor are connected by edges to all doors of the ground unit directly under it. . Each of these spatial edges is assigned a fixed weight expressing the stair climbing merit reduction of the unit. We use the same greedy search algorithm as in the planar case. Greedily checking all possible additions and removals, we search for the configuration with the highest merit. The resulting configurations appear similar in style to the ones generated in the planar case. Some results are presented in figure 5. Figure 5 (c) shows a configuration in which the unit with the highest merit is the one on the top floor at the center of the configuration. It enjoys an absolute view while maintaining high proximity to other units. We repeated the experiment of building around a`forbidden plaza' in the center. The result can be seen in figure 5(d) .
It is interesting to observe the types of skylines generated by our algorithm. The visibility measure encourages a swift rise in the heights of the buildings. The higher the unit, the larger its FOV will be. The result of using a pure visibility measure is a collection of towers, as seen in figure 6(a) . The accessibility measure has a more restrained effect. As the radius of the configuration grows and planar distances increase, higher units are added near its core, shortcutting distances through their planar accessibility. The slope of the skyline is determined by the weight attached to the different space edges, as is evident in figures 6(b) and 6(c). Even in mixed-merit scenarios, such as the one in figure 6(d), one can see that the skyline rises higher near the center of the configuration. 4 Discussion and future work In this paper we have presented a method for simple algorithmic design of architectural configurations. Our approach is based on a site, a grade of merit, and a set of acceptable architectural configurations. We tested our method in a simple setting in which the site is flat and the units are schematic. In this scenario we used a compound merit function based on a maximum view, minimum walking distance approach. Even in this simple setting, the resulting configurations seem to posses`real' architectural traits, and have reproduced familiar architectural designs. There are several ways in which our methodology can be expanded. An immediate avenue of research would be to test this method on a more elaborate family of configurations, with richer geometry and more varied accessibility methods, such as nonground-level corridors. Another interesting direction would be to check how simple patterns evolve in nonflat settings. Such research would require an ability to measure the field of view of a unit in a spatial sense, rather than the planar ones we used.
Despite the somewhat abstract and simplistic nature of the work presented so far, we believe that algorithmic design will produce rich and exciting architectural designs in the near future. 
